Quantum electrodynamics for vector mesons 
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Quantum electrodynamics for p mesons is considered. It is shown that, at tree level, the value 
of the gyromagnetic ratio of the p + is fixed to 2 in a self-consistent effective quantum field theory. 
Further, the mixing parameter of the photon and the neutral vector meson is equal to the ratio of 
electromagnetic and strong couplings, leading to the mass difference M p o — M p ± ~ 1 MeV at tree 
order. 
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The question of the intrinsic magnetic moment of (ele- 
mentary) particles of arbitrary spin s has been discussed 
controversially in the literature and is still of great inter- 
est. On the one hand, low-energy theorems and the op- 
tical theorem require that the gyromagnetic ratio g — 2 
for a particle with arbitrary spin s different from zero 
(at least for particles which do not participate in strong 
interactions) []J. On the other hand, general arguments 
have been given that the minimal coupling leads to lis 
for this quantity Q ■ Finally, the investigations of Rcf. 3] 
regarding the theory of charged vector mesons interact- 
ing with the electromagnetic field suggested that the gy- 
romagnetic ratio depends on a free parameter, thus al- 
lowing it to take any value. Below, we will address this 
question from the point of view of effective field theory 
(EFT). 

In Ref. |4j we have shown how the universal coupling of 
the p meson and the Kawarabayashi-Suzuki-Riadzuddin- 
Fayyazuddin (KSRF) relation ]j| Q follow from the re- 
quirement that chiral perturbation theory of pions, nucle- 
ons, and p mesons is a consistent EFT. Although EFTs 
are non-renormalizable in the traditional sense, the gen- 
eral principles of EFT require that all ultraviolet di- 
vergences can be absorbed into the redefinition of fields 
and parameters of the most general Lagrangian Q . Im- 
posing the renormalizability in this sense one finds that 
not all parameters of the most general Lagrangian are free 
but satisfy consistency conditions Q. In this Letter we 
will use similar arguments for the effective Lagrangian 
including, in addition, the interaction with photons to 
show that the gyromagnetic ratio is fixed to g = 2 at tree 
level. Furthermore, the mixing parameter of the photon 
and the neutral vector meson is also fixed and leads to 
1 MeV at tree order. 
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Here, B^ is a U(l) gauge vector field, V? (a = 1,2,3) 
denote the Cartesian components of an isospin triplet of 
vector fields, and 'F is an isospin doublet of nucleon fields 
with mass mo [ill ]. Furthermore, 
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All fields and coupling constants in Eq. are bare quan- 
tities. From the point of view of EFT it is not consistent 
to consider a minimal coupling only (see, e.g., Ref. |12fl). 
Using symmetry arguments only, cq and kq are free pa- 
rameters of the most general effective Lagrangian |l3j . 
They contribute to the mixing of the photon and the neu- 
tral vector meson, and to the magnetic (and quadrupole) 
moment of the charged vector mesons 0, respectively. 
Finally, C\ contains an infinite number of interaction 
terms which are allowed by symmetries 0, ■ 

Below we perform a one-loop order analysis of the p- 
meson self-energy and the pipip vertex functions. To that 
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end, we first introduce renormalized fields A^, p^. 

and ip as 



We start with the chirally invariant effective La- 
grangian including vector mesons in the form given by 
Weinberg |lfj| , containing all interaction terms which re- 
spect Lorentz invariance, the discrete symmetries, and 
chiral symmetry. The electromagnetic interaction is in- 
troduced by adding all terms with photon fields which 
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with wave-function renormalization constants 
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The function 5X allows for a linear superposition of the 
neutral vector fields. Note that the wave-function renor- 
malization constants for the neutral p meson, Zo, and 
for the charged p mesons, Z±, differ from each other. 
Finally, \fZ% is a real diagonal 2x2 matrix. For the 
renormalization of the masses and coupling constants we 
write 



c = c + <5c, 
.9o = 9s + Sg, 
eo = e + Se, 
Kq — k + 5n, 

M 2 + SM 2 , 
mo = m + 5m, 
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where the functions 5c etc. depend on all renormalized 
coupling constants (and the renormalization prescrip- 
tion). Using Eqs. - Q we rewrite the Lagrangian 
of Eq. as the sum of the basic Lagrangian, the coun- 
terterm Lagrangian, and a remainder [l4j| : 

£ = £ basic + £ ct + £i. 
The basic Lagrangian is given by 

■^basic 



-1 F J?» v 
4 

- p° p^ v 

1 



l + r° 



i\) — mipip 



i>P% 



2 r ^' 
with the field-strength tensors 
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Ffiu — d^Au — d u A^, 
P% 



P^u-WsiP^Pu -P»Pt), 



9% = P% T iQsiplpf ~ pIp%) ± ie(A^p± - A„p±), 

and the auxiliary quantity p" = — d v p^, a = ±, 0. 
In Eq. (JSJ), we introduced r ± = (r 1 ± ir 2 ) /V2 and r° = 
r 3 . The counterterm Lagrangian (at one-loop order) is 
given by 

_ 5Z -2c5X 0lxv SAP + APSZp 0fl 
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FIG. 1: Self-energy diagrams. 
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where we only display those counterterms explicitly 
which are relevant for the subsequent discussion. All re- 
maining terms are included in C\. 

In order to establish relations among the renormal- 
ized coupling constants pertaining to the Lagrangian of 
Eq. 10, we analyze the renormalization of the self-energy 
of the charged vector mesons and of the coupling constant 
go using dimensional rcgularization (with n as a space- 
time dimension parameter) in combination with the min- 
imal subtraction (MS) scheme (for a definition see, e.g., 
Ref. However, our findings below do not depend 

on the choice of a specific renormalization scheme. 

First we analyze the divergent parts of the self-energy 
of the charged vector mesons to one-loop order (see 
Fig. 1). In particular, we are interested in terms 
quadratic in the momenta. These terms consist of 
counterterm contributions, 
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and of contributions of one-loop diagrams 
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where A and B depend on the renormalized parameters 
of the Lagrangian [J^. Perturbative renormalizability 
requires that the expressions in Eqs. 10 and (JHJ) cancel 
each other. This condition implies that 



A = B. 
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Equation is not automatically satisfied and imposes 
constraints on the renormalized parameters of the La- 
grangian. 

Next we analyze one-loop contributions to the p "ijjip 
and p°ijnp vertices. These vertex functions (amputated 
Green's functions) receive contributions from counter- 
terms as well as one-loop diagrams. We again require 
that the divergent parts have to cancel each other. From 
this condition we determine the counterterm Sg as a func- 
tion of the parameters of the Lagrangian. As this coun- 
terterm contributes in both vertex functions we obtain 
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FIG. 2: Vertex diagrams. 



The particular forms of the functions (f>i and 4>2 have been 
determined by calculating the loop diagrams of Fig. 2. 
Equations (|lt)(l and 1)11(1 result in a condition for the 
renormalized parameters of the Lagrangian 

<f>i(e, K,m, M, c, g s ) - <f> 2 (e, K, m, M,c, g s ) = 0, (12) 

which is not automatically satisfied. Solving Eqs. 10 and 
(I12J1 simultaneously, we obtain 
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After taking the different normalization of Ref. [13( into 
account, the second relation of Eq. (jP3")l agrees with 
Ref. . Modeling the electromagnetic coupling of the p 
using vector meson dominance the same result has been 
obtained in Ref. by arguing that the electromagnetic 
self-mass should be finite. 

Since the magnetic moment of, say, the positively 
charged p meson reads 
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the second equality in Eq. ljT3"|) leads to the gyromagnetic 
ratio g = 2 |lj| |ljj • Note that in the present case mini- 
mal coupling, as considered in Ref. Q , would correspond 
to k = yielding g = l/s = 1 rather than g = 2 in 
agreement with Ref. Q. In Ref. p|, g = 2 was obtained 
by considering a dispersion relation for forward Compton 
scattering, assuming that the spin-dependent amplitude 
/_(oj 2 ) vanishes at infinity. Renormalizability is a mat- 
ter of asymptotic behavior at infinite momentum, so it 
may not be surprising that the renormalizability (in the 
sense of EFT) is achieved for g = 2. However, we are 
not able to establish a connection between perturbative 
renormalizability of the low-energy EFT and the (high- 
energy) asymptotic behavior of the full amplitude. 

Our derivation of Eq. (|13|l and therefore the value 
g = 2 hold independently whether or not pion degrees of 
freedom are included explicitly. As the pionless effective 
theory can be obtained by integrating out the pion fields, 
the matching condition together with Eq. I(13|) requires 
that the pion loop corrections to the gyromagnetic ra- 
tio vanish. We emphasize that this argument only holds 
if there exist self-consistent effective field theories both 
with and without explicit pion degrees of freedom. 

Calculating the propagator poles at tree level and using 
Eq. lO, we find 
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Substituting numerical values for g s [estimated from the 
KSRF relation g 2 s = M 2 p /(2F 2 ), with F w = 92.4 

MeV and M p = 769 MeV] and e we obtain as a prediction 
for the mass difference 



1 MeV 



(16) 



which has to be compared with the present PDG average 
of (0.7 ±0.7) MeV 

To summarize, we have considered quantum electrody- 
namics of p mesons as an effective field theory described 
by the most general Lagrangian consistent with all sym- 
metries of the theory. The self-consistency condition of 
this theory (imposed by the renormalization procedure) 
constrains the parameters of the Lagrangian. In particu- 
lar, instead of depending on a free parameter, the gyro- 
magnetic ratio of the charged vector meson is g — 2 (up 
to loop corrections). The mixing parameter of the pho- 
ton and the neutral vector meson is equal to the ratio of 
electromagnetic and strong coupling constants, leading 
to M p o — M p ± ~ 1 MeV at tree order. 
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